Abstract There has been considerable debate about the metabolic effects of restricting carbohydrate intake in weight and diabetes management. However, the American Diabetes Association has noted that weight and metabolic improvements can be achieved with low carbohydrate, low fat (implicitly higher carbohydrate), or a Mediterranean style diet (usually an intermediate level of carbohydrate). Our paper addresses variability in the definition for low or restricted carbohydrate, the effects of carbohydrate restriction on diabetes-related health outcomes, strategies for restricting carbohydrate intake, and potential genetic variability in response to dietary carbohydrate restriction. Issues for future research are also addressed.
Introduction
There has been considerable debate about the effects of restricting carbohydrate intake in weight and diabetes management [1] [2] [3] [4] . Carbohydrate intake is the primary determinant of post-prandial glycemia. Evidence-based reviews and recommendations for diabetes management consistently suggest reduced intake of highly processed foods and sugary beverages [5•, 6] . The American Diabetes Association has noted that weight and metabolic improvements can be achieved with low carbohydrate, low fat (implicitly higher carbohydrate), or a Mediterranean style diet (usually an intermediate level of carbohydrate) [7•, 8] .
Monitoring carbohydrate intake is used to determine insulin dosage. Weight loss and metabolic improvement have been achieved with widely varying levels of carbohydrate intake. Our paper will address variability in the definition for low or restricted carbohydrate diets, the effects of carbohydrate restriction on diabetes metrics, strategies for restricting carbohydrate intake, and genetic predictors of response to dietary carbohydrate.
Low Carbohydrate Diets: Definition Challenges
The lack of a consistent definition for "low carbohydrate diets" complicates efforts to compare studies throughout the literature [9] . While very low-carbohydrate diets are often defined by the absolute amount of carbohydrate intake, usually less than 70 g per day, other levels of dietary carbohydrate are usually defined based on the proportion of energy intake as illustrated in the Table 1 . As the energy level of the diet decreases, the proportion of energy from carbohydrate increases. For example, a diet containing 200 g of carbohydrate might be classified as moderately low for a 2000 calorie intake, moderate-carbohydrate at 1500 calories and high-carbohydrate at 1200 calories.
A recent systemic review of macronutrients in diabetes management noted that the terms "conventional" or "traditional" carbohydrate diet were often used to describe the comparison diet for evaluation of lower carbohydrate diets [5•] . The review found that the terms "diabetic" or "ADA" were frequently used as well. In general, the comparison diets contained 55%-65% of energy from carbohydrate. However, national survey data suggest that people with diabetes consume an eating pattern that contains about 45% of energy intake from carbohydrate [10] [11] [12] . The assumption that the ADA recommends a specific level of carbohydrate intake is outdated as the current recommendation is for individualizing the macronutrient distribution [7•, 8] .
In contrast to most low carbohydrate diets, which focus on number of g of carbohydrate or the percent of energy from carbohydrate [9] , Paleolithic nutrition is based on the principles of evolutionary biology with a focus on the low carbohydrate options available to the hunter-gatherers [13] [14] [15] [16] [17] . This dietary approach, which is often referred to as the Paleo diet, targets restriction of grains, dairy products, and all refined food items. Carbohydrate sources that are encouraged include fruits, vegetables, and nuts. The total carbohydrate is approximately 35%-40% of energy intake although no specific amount is considered to be the goal. Paleo nutrition recommendations have been based on epidemiological studies of existing hunter-gatherer populations of today as well as archeological studies [13, 16, 17] .
What are the Diabetes-Related Health Effects of Low-Carbohydrate Diets?
The metrics for evaluating the effectiveness of lowcarbohydrate diets in the management of diabetes include weight, glycemia, cardiovascular risk indices, and other health indicators.
Weight
In our 2009 review of low-carbohydrate diets in this journal, we noted that low-carbohydrate diets may achieve better early weight loss than comparison diets higher in carbohydrate, but weight loss was comparable for studies that were 1 year or longer [18] . Systematic reviews by the ADA [5•] and by Castaneda-Gonzalez et al [19] , which examined clinical trials of low carbohydrate diets in diabetes management, reported no consistent differences in weight loss among the diets being compared. Of the published randomized trials (n = 9 studies) [3, [20] [21] [22] [23] [24] [25] [26] [27] which evaluated the effects of low carbohydrate diets in diabetes management, only 3 trials were of 12 month duration or longer [24, 26, 27] . None of these longer term trials reported a significant difference in weight loss in the comparison between lowcarbohydrate diet and other dietary strategies.
Our previous review of low-carbohydrate diets [18] in diabetes management reported that weight loss appeared to be better when the analysis was restricted to completers. Without the weight results of study dropouts, who may be close to half of those who were randomized, the findings, would be biased [18] . In a recent preference trial, Hussian et al [28] found a significantly greater 24-week weight loss among participants with diabetes who opted for a lowcarbohydrate ketogenic diet than those who opted for a low caloric diet without carbohydrate restriction (12 kg vs 7 kg loss) [28] . However, the participants with diabetes who opted for the low-carbohydrate ketogenic diet were more obese (40.0 vs 36.3 kg/m 2 ) and younger (39.2 vs 45.2 years) than those opting for the low-caloric diet. Individuals with diabetes who self-select to follow low-carbohydrate diet may achieve a substantial weight loss, but longer-term studies suggest that recommending low-carbohydrate diets to all overweight individuals with diabetes does not yield any greater weight loss benefit than other dietary strategies. Therefore, assessing patient food preferences and appetite appear to be important when considering the potential weight loss effects of carbohydrate restriction in diabetes management [29, 30] .
Glycaemia
An evidence-based ADA review [5•] examined research studies that addressed the effects of lowering total carbohydrate intake on glycemic control in patients with diabetes. The clinical trials in the ADA review included a treatment arm classified as very low carbohydrate (n = 7 studies) [3, [22] [23] [24] [31] [32] [33] and moderately low carbohydrate (n = 4 studies) [34] [35] [36] [37] . In general, the lower carbohydrate treatment condition resulted in lower A1c levels and lower doses of antidiabetic medications than the higher carbohydrate comparison diet [5•] . However, the role of weight loss complicated interpretation of these findings, which was noted to be a confounder by the ADA review group [5•] . Meta-analyses by Kodama et al [38] and by Kirk et al [9] which compared low-carbohydrate diets with higher carbohydrate conventional carbohydrate diets, reported similar conclusions. The effects of carbohydrate restriction on improving glycemic control largely disappeared when the trial was 1 year or longer in duration when results were reported on the basis of intention-to-treat [18, 24] . However, the Esposito et al study [27] , which was conducted in individuals with newly diagnosed diabetes, reported improvements in A1c over the 48 month trial. Other studies [23, 24, 26, 28] which instituted a protocol to reduce anti-diabetic medications in the low-carbohydrate study arm, have reported a greater reduction of these medications with carbohydrate restriction.
Cardiovascular Risk Indices
Research findings have been mixed with respect to the effects of the amount of dietary carbohydrate on blood lipids. Two studies [39, 40] reported significant reductions in triglyceride level on a carbohydrate restricted diet compared with 50%-55% of energy from carbohydrate. The effects of carbohydrate restriction on LDL and HDL cholesterol appear to be indirect and largely modulated by the fatty acid distribution of fat intake [41] . Nonetheless, carbohydrate restriction under weight-stable conditions has been associated with reduction in total HDL cholesterol ratio, apolipoprotein B, and the mass of small, dense LDL particles. These changes are similar to those achieved with weight loss without restriction of carbohydrate [7•, 8] .
The potential impact of dietary fat and fatty acids on lipids needs to be considered when evaluating variability in the level of dietary carbohydrate especially when the dietary comparisons are isocaloric, because changing the amount of carbohydrates is likely to change fat intake as well. In general, replacing saturated fatty acids with mono or polyunsaturated ones achieved a more favorable lipid profile than replacement with refined carbohydrate sources that are low in fiber [41] . Intake of saturated fat would increase if meats and high fat dairy products are used to replace carbohydrate sources such as grains, fruits, and lower fat dairy products [42] . Advocates for carbohydrate restriction suggest that improved glycemic control and reduced insulin fluctuation are primary targets and note carbohydrate-restricted diets are at least as effective for weight loss as low-fat diets [43] . However, in the Diabetes Control and Complication Trial (DCCT) [10] , analysis of participants, who were randomly assigned to intensive therapy, found that when dietary intake was higher in total fat and saturated fat and lower in carbohydrate glycemic control was worse, independently of exercise, triglyceride concentration and BMI, which may be associated with insulin resistance [10] . Higher insulin dosage was also associated with higher HbA1c level in the DCCT probably due to increasing insulin dosage in an effort to improve glycemic control. The macronutrient and A1c relationships were no longer significant after adjusting for the baseline degree of glycemic control and concurrent insulin dose suggesting a complex relationship among determinants of glycemia in type 1 diabetes that may differ from type 2 diabetes.
The ADA position suggests that either a low carbohydrate or low fat diet are equally valid approaches [7•, 8] whereas some low carbohydrate advocates have promoted restriction of carbohydrate as the default treatment for diabetes and metabolic syndrome and criticized health agency caution [4, 44] . Feinman and Volek have suggested that substitution of fat for carbohydrate generally improves cardiovascular risk factors [4] , but in a 2011 paper in this journal, Feinman [45] stated "pooled data fail to indicate any significant effect of saturated fat on CVD outcome." Examination of novel CVD biomarkers may further complicate the assessment of how low carbohydrate diets affect CVD risk. In 1 study, the C-reactive protein (CRP) decreased in the low-fat arm, and the soluble intercellular adhesion molecule (sICAM) decreased in the low carbohydrate arm [46•] . While both the low-carbohydrate and lowfat diets had beneficial effect, there may be different mechanisms through which weight loss with these diets potentially reduces CVD risk. Evaluation of the effects of carbohydrate restriction on cardiovascular risk factors is complex as the markers of risk may be affected by changes in medication, weight and inherent risk status. Therefore, individualized assessment is warranted to tailor advice to the needs of the diverse population with diabetes.
Other Health Outcomes and Monitoring Issues
The 2012 ADA Standards of Medical Care state their precautionary recommendation as, "For patients on lowcarbohydrate diets, monitor lipid profiles, renal function, and protein intake (in those with nephropathy), and adjust hypoglycemic therapy as needed" [7•] . The ADA rated the evidence level as "expert opinion" for this recommendation [ 
Concerns have been raised about the risk of hypokalemia based on a case report [47] , which appears to be based on an assumption that restriction of carbohydrate intake would also restrict potassium intake [48] . However, in a randomized clinical trial conducted in patients with type 2 diabetes, the effects of restricting carbohydrate and restricting fat on blood potassium did not differ [48] . The predictors for needing potassium supplementation were baseline blood potassium level and diuretic therapy [48] . In this trial, there was greater early weight loss with carbohydrate restriction, but the 1-year weight loss did not differ [24] .
Increasing concerns about the hepatic abnormalities associated with diabetes and obesity raise questions about how altering dietary composition may affect deposition of fat in the liver of patients with diabetes. A recent isocaloric dietary trial, which was conducted in patients with type 2 diabetes, restricted carbohydrate (40% carbohydrate with 27% of energy from monounsaturated fatty acids) resulted in a significant reduction in hepatic fat measured by proton nuclear magnetic resonance spectroscopy [49] . Whether the reduction in hepatic fat was due to change in carbohydrate or fatty acids is unknown. We found no studies that examined the effects of very low-carbohydrate diets on hepatic fat deposition.
The Paleolithic diet is designed to change intestinal flora, which is the proposed mechanism for health benefits [50] . The plants consumed by early humans contained carbohydrate that was encapsulated within the cells and were extremely high in fiber before the development of plant cultivation [50] . Thus, the pre-agricultural "ancestral foods" would have considerably lower carbohydrate densities than modern foods rich in processed flour and sugar.
It is hypothesized that in parallel with the bacterial effects of sugars on dental and periodontal health, processed carbohydrates produce an inflammatory microbiota via the upper gastrointestinal tract, which with fat are able to affect a "double hit" by increasing systemic absorption of lipopolysaccharide. Therefore, a diet of grain-free whole foods with carbohydrate from cellular tubers, leaves, and fruits is believed to produce a gastrointestinal microbiota consistent with that of our early ancestors and greater sensitivity to endogenous insulin and leptin [15, 50] . However, standardized evaluation of the physio-chemical effects of the Paleo are lacking although there is emerging research addressing how carbohydrate restriction may affect gut microbes in inflammatory bowel disease [50] .
Monitoring and Reformulation of Carbohydrate-Containing Foods
Monitoring of carbohydrate intake is widely used to control postprandial glucose excursions by methods that include counting the number of g of carbohydrates using food composition books, exchange lists, and experience-based estimations [8] . While the quantity of carbohydrate consumed is the primary determinant of postprandial blood glucose, the type or source of carbohydrates also influence postprandial glucose response to ingesting carbohydrate [5•, 8] . However, little is known about how monitoring glucose response after meals may function as a feedback loop in decision making with regard to reducing the amount of carbohydrate consumed.
The food industry has modified the formulation of foods to reduce the carbohydrate content. Low-digestible carbohydrates, which include fibers and sugar alcohols, have limited postprandial glucose impact and functional availability [51, 53•] . Fiber or amylose, which are considered resistant starches, are sometimes added to breads, pasta and other starchy or carbohydrate rich foods to create a reduced or low carbohydrate version of typically high carbohydrate foods. The expansion of low carbohydrate products appears to be spawning use of a wide array of fermentable fibers (resistant starch and non-starch polysaccharides) as well as sugar alcohols to reduce carbohydrate availability.
Dietary fiber, which is defined by the Institute of Medicine as the nondigestible (not digested in the human small intestine) sources of carbohydrate and lignin that are intrinsic and intact in plants [52] , is sometimes subtracted from the total carbohydrate content of the total fiber if greater than 5 g per serving to yield the available or net carbohydrate. However, the amount of dietary fiber that is subtracted may vary from half to all of the fiber. For example, a slice of bread that contains 15 g of total carbohydrate and 5 g of fiber has 10 g of available (net) carbohydrate when all of the fiber is subtracted. However the available carbohydrate is 12.5 g when half of the fiber is subtracted. While sugar alcohols are absorbable, they are considered to be lowdigestible carbohydrates with blunted impact on blood glucose and generally have a lower carbohydrate/caloric level than other sugars [53•] . Therefore, the calculation of carbohydrate in low-carbohydrate diets may reflect estimates of the net carbohydrate based on the use of sugar alcohols to reduce carbohydrates availability. As a result, how the amount of carbohydrate is determined in carbohydraterestricted diets can vary considerably.
Fibers commonly used in low carbohydrate food products include acacia gum, beta-glucan, cellulose, chitin/chitosan, corn bran, corn fiber, inulin, oat bran/oat fiber, pea fiber, pectin, polydextrose, psyllium, rice bran, soy fibers, wheat bran, and wheat fiber. All of these fibers are unique in their functional capability for treatment of a number of diseases. The effects of fiber on the absorption and metabolism of carbohydrate is likely to vary based on structure (monomeric composition, chain length, type of binding, branching, and side chains) [53•] . The viscosity hypothesis suggests that fibers, such as b-glucans and arabinoxylans, form a viscous solution in the stomach that delays gastric emptying and physically inhibits the absorption of carbohydrate. Viscosity is affected by the molecular weight of the fiber, the food processing method(s), and the combination of foods and drinks consumed. Specific types of dietary fibers vary in composition. For example, arabinoxylans vary in their arabinose: xylose ratio and resistant starches can vary in their amylose: amylopectin ratio, which may influence their metabolic effects.
Little is known about how carbohydrate restriction may affect the beneficial gut microbes, which may reduce the risk of autoimmune diseases such as type 1 diabetes, and alter the level of gut hormones associated with obesity and type 2 diabetes [54] . The high fermentable soluble diet may improve glucose tolerance of glucagon-like peptide-1 (GLP-1) and peptide YY (PYY) [54] . More recent research has addressed the endocrine effects of fibers that undergo fermentation in the colon. Secretion of glucagon-like peptide-1 (GLP-1) and peptide YY (PYY), which occurs after food ingestion, is stimulated by intake of resistant starch (RS), an amylose rich fermentable fiber. How secretion of GLP-1 and PYY are related to the blunted glycemic response and release short-chain fatty effects of resistant starch has been examined in Sprague-Dawley rats [54] . Resistant starch appears to stimulate GLP-1 and PYY secretion in a sustained day-long manner, independent of meal effect, or changes in glycemic response. Fermentation and the liberation of short chain fatty acids in the lower gut was associated with increased proglucagon and PYY gene expression. The primary mechanism for increased endogenous secretions of total GLP-1 and PYY may be fermentation rather than carbohydrate availability. Therefore, restriction of carbohydrate per se would not be expected to affect secretion of these gut hormones.
Genetic Variability in Response to Dietary Carbohydrate
Increased research regarding the role of gene-environment interactions in the development of diabetes and obesity has been accompanied with interest in the potential for genetic variability in response to carbohydrate restriction. The "Carnivore Connection" hypothesis is based on the premise that the genetic determinants of insulin resistance evolved in response to a scarcity of dietary carbohydrate during the ice age when early humans, whose diet had been largely from berries and other fairly readily available plant sources, were exposed to low plant: animal subsistence ratios [55] . As an adaptation to the lack of carbohydrate in the food supply, selection of genes for insulin resistance provided a survival advantage. This is so because habitual consumption of a low-carbohydrate, high-protein diet appears to increase insulin resistance with a concomitant rise in hepatic glucose production (mediated through an increased carbon flux through the gluconeogenic pathway) and a decrease in peripheral glucose utilization [56] .
At the beginning of the Agricultural Revolution the availability of cereals for some populations would theoretically reduce genetic selection for insulin resistance. The "Carnivore Connection" is used to explain the high prevalence of intrinsic insulin resistance and type 2 diabetes in populations that transition rapidly from traditional diets with a low-glycemic impact to high-carbohydrate intake with more processing [57] . The hypothesis shares many of the evolutionary assumptions underlying the Paleolithic dietary principles. However, it differs from the thrifty genotype theory proposed by Neel [57] , which focuses on the evolutionary role of energy restriction as a cause of insulin resistance rather than restriction of carbohydrate per se. However, as new genes are associated with the risk of type 2 diabetes, there has been no clear signature of positive selection around these genomic regions [58] .
Genetic regulation of response to carbohydrate has been evaluated in mice [59] . A high fat diet containing 60% of energy from fat and 26.5% carbohydrate was used to induce hepatic insulin resistance, which was accompanied by accumulation of fat in wild type mice [59] . However, induction of insulin resistance appeared to be dependent on CB1 cannabinoid receptor activity with the (CB1-/CB1-) knockout mice having a lack of response to the high fat (low carbohydrate) similar to that of lean, insulin sensitive animals with normal livers. Differences in the expression of the cannabinoid receptor gene in humans may account for variability in response to carbohydrate restriction.
In human studies [60, 61] , obese individuals who were homozygous for the transcription factor 7-like 2 TCF7L2 rs7903146 T-risk allele, had a better metabolic response to a low fat (20%-25% of energy)-higher carbohydrate (60%-65% of energy) diet than to a higher fat and lower carbohydrate diet (40%-45% of energy from each). The TCF7L2 variant risk for developing type 2 diabetes [62] has been associated with greater glucose response to a high glycemic load from the diet but not total carbohydrate intake. Other research has suggested that TCF7L2 rs7903146 carriers may not be less responsive to the potential protective effects of a higher fiber intake on incident diabetes than non-risk allele carriers [63] . These findings suggest that the extent to which dietary carbohydrate increases insulin demand might enhance the risk of T2D associated with TCF7L2 variants, but in the research little is known about the interaction of low carbohydrate diets and genetics per se.
Where Should New Research Go?
Challenges in evaluating the evidence regarding the effects of carbohydrate intake on metabolic parameters in diabetes management include variability in study methodology eg, adherence measurement with regard to carbohydrate intake, small study samples for intervention trials, low retention rates, and confounding by weight loss. The intention-totreat analysis has been criticized by advocates who focus on the best case scenario results using data from the completers -highly adherent individuals who "stick to the lowcarbohydrate intervention plan." [64] . This approach may yield insights about mechanism of action within the low carbohydrate treatment but does not address predictors of response in the general population.
Examination of how economic, cultural, and clinical variables are related to adherence and study outcomes may yield valuable insights. New research needs to address the impacts of lowering carbohydrate on a wide range of biomarkers including lipids, insulin resistance, liver metabolism, gut hormones, inflammation, and glycemia. The clinical significance of biomarkers is an important area to address the long-term outcomes. The availability of carbohydrate can be affected by the co-ingestion of fiber. The research needs to include properties of such a fermentation which affects gut hormone secretion and their wide-spread metabolic effects. As research generates new information about the effects of carbohydrate and fiber, the food industry will generate new research to reformulate and create new food products and nutraceuticals. As genomic research advances, more research that examines genetic variability in response to dietary carbohydrate will provide insights for tailoring nutrition advice. While prior research has explored the mechanisms underlying the relationship between nutrition and glycemia, future studies are likely to focus on individualizing nutritional intake recommendations by examining how nutrition relates to genetic polymorphism and the endocrine functions of gut hormones such as GLP-1 and PYY with regard to glycemia and other cardiovascular parameters.
Conclusions
Widely varying levels of carbohydrate intake have been effective for the target outcomes of improved glycemic control and reduced CVD risk among individuals with diabetes [5•] . However, genetic and other factors may influence response in individuals at risk for or with diabetes.
